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Abstract:

The specific properties of bentonite such as hydration, swelling, water absorption, viscosity, yield stress and
thixotropy make it a valuable material in the form of mineral powder for a wide range of uses in agronomy, cos-
metics and civil engineering. A flow curve is a quick test used to evaluate the rheological basic properties of a
viscous fluid. However, many bentonite dispersions exhibit a complex flow curve, with yield stress and thixotropy
area, especially at high concentration. In this study, flow curves from raw and activated bentonites dispersed in
water were acquired at 6, 8 and 10% mass concentrations. Five stages along the flow curve were identified. To
explain each stage, rheograms obtained from a dispersion made with a model material were studied in depth.
The model material was a smectite extracted from a raw bentonite then saturated with calcium or sodium. Many
homoionic and bi-ionic dispersions were prepared at various concentrations. The analysis and the modelling of
some creep-recovery tests by a Zener model showed the relationship between the initial stage in the flow curve,
named AB stage, and the viscoelastic properties of the fluid. The AB stage corresponds to the deformation of
the material in the solid state. tB point corresponds to an intermediate yield stress between the solid state and
the start of the heterogeneous fracturation. The study of many bi-ionic dispersions allowed drawing the evolu-
tion of the yield stress as a function of concentration and saturation. The composition of the raw bentonites was
expressed as an equivalent bi-ionic dispersion by calculating an active smectite percentage. A good correlation
was obtained at the highest concentrations between tB from the bi-ionic model dispersions and the raw ben-
tonites dispersions.

Zusammenfassung:

Seine spezifischen Eigenschaften (z. B. Hydratation, Schwellverhalten, Wasserabsorption, Viskosität, Fließspan-
nung und Thixotropie) machen Bentonit zu einem wertvollen Material in der Form eines mineralischen Pulvers
für viele Anwendungen im Bereich der Agrarwissenschaft, Kosmetik und des Bauingenieurwesens. Eine Fließ-
kurve ist ein schneller Test, um die rheologischen Eigenschaften als viskoses Fluid zu testen. Jedoch weisen vie-
le Bentonit-Dispersionen ein komplexes Fließverhalten mit Fließgrenze und thixotropem Verhalten auf, insbe-
sondere bei hohen Konzentrationen. In dieser Arbeit wurden die Fließkurven unbehandelter und aktivierter  lang
der Fließkurven wurden identifiziert. Um jedes Stadium zu erklären, wurden Rheogramme einer Dispersion eines
Modell-Materials untersucht.  Die Modellsubstanz war ein Smektit, der aus unbehandeltem Bentonit extrahiert
wurde und dann mit Kalzium bzw. Natrium gesättigt wurde. Viele homoionische und bi-ionische Dispersionen
mit unterschiedlichen Konzentrationen wurden hergestellt. Die Analyse und die Modellierung einiger Kriech-
Erholungskurven mit Hilfe des Zener-Modells verdeutlichen die Beziehung zwischen dem Anfangsstadium der
Fließkurven (AB-Stadium) und den viskoelastischen Eigenschaften des Fluids. Das AB-Stadium entspricht der
Deformation des Materials im festen Zustand. Der Punkt B entspricht einer intermediären Fließspannung zwi-
schen dem festen Zustand und dem Beginn der heterogenen Brüche. Die Untersuchung vieler bi-ionischer Disper-
sionen erlaubt die Darstellung der Fließspannung als Funktion der Konzentration und der Sättigung. Die Zusam-
mensetzung unbehandelter Bentonite wurde durch eine äquivalente bi-ionische Dispersion mit Hilfe der
Berechnung eines aktiven smektischen Gehalts beschrieben. Eine gute Korrelation wurde  bei den höchsten Kon-
zentrationen zwischen dem Punkt B der bi-ionischen Modelldispersion und den unbehandelten Bentonit-Disper-
sionen erhalten.

Résumé:

Les bentonites sont des matériaux naturels contenant de la smectite. Cette argile est susceptible d’adsorber de
l’eau pour créer des gels aux propriétés rhéologiques couramment utilisées en agronomie, en cosmétique ou
dans le domaine du génie civil. La réalisation de courbes d’écoulement permet d’évaluer les propriétés rhéolo-
giques de base d’un fluide visqueux. Toutefois de nombreuses suspensions de bentonites révèlent des courbes
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for each bentonite using Eq. 10. Values are pre-
sented in Table 4.

(10)

where SWP (%) is the smectite weight percent-
age and RSR (%) is the removable sodium ratio.
SWP and RSR values are given in Table 2.

The ASP is an approximate value that allows
comparing the raw bentonites with a composi-
tion of bi-ionic smectite, expressed with the ESP.
One can notice that standard NF X31-108 used to
determine the RSR did not include any washing
stage. Furthermore the RSR probably contained
exchangeable cations and a part of soluble salts.
However, the process was brief (only one hour)
and the dissolution of the soluble salts may be
low.  The natural sodium bentonites LX2 and LX3
could be compared with bi-ionic smectite dis-
persions at 45ESP and 48ESP, respectively. The
sodium-activated bentonites LX5 and LX8 could
be compared with bi-ionic dispersions at 67ESP
and 62ESP, respectively (Tab. 4). The yield stress
for the natural sodium bentonite dispersions are
very closed to those found for the bi-ionic smec-
tite dispersions. Moreover, the yield stresses of
the sodium activated bentonites dispersions are
higher than those of the bi-ionic dispersions. At
10%, the results are in the same order of magni-
tude. Other parameters, such as soluble salts
introduced during the activation or mineralogi-
cal parameters probably have a larger influence
on the yield stresses than ASP.

5 CONCLUSIONS

Rheometry can be used to classify the flow prop-
erties and the solid viscoelastic properties of ben-
tonites dispersions using only flow curves. The
interesting point is that the flow curves are clas-
sical tests, easily executable with a rheometer of
middle class quality; they do not require an expen-
sive material to perform dynamic tests.  The A-B
stage clearly corresponds to the solid state. The A-
B stage is well reproduced and can be exploited
even if the flow at t > tB is heterogeneous. The A-
B stage can provide information on the viscoelas-
tic properties of the dispersion in solid state with-
out a large trend of tests. The shear stress at point
B corresponded to the yield stress evaluated with
some classical creep-recovery curves.

The application of this method for determi-
nation of the yield stress value for raw bentonites
and a model smectite allowed establishing the
following results: the extracted and saturated
smectites could be compared with the raw ben-
tonites using the exchangeable sodium percent-
age and active sodium percentage, respectively.
The results for the sodium natural bentonites are
comparable to the model smectite. The results
for the sodium-activated bentonites are more
complex and chemical or mineralogical parame-
ters may influence the yield stress value. The acti-
vation process gave rise to higher yield stresses
than the equivalent bi-ionic smectite.

ACKNOWLEDGEMENTS

The authors acknowledge the LIXAR2 project
authors for their agreement to use the raw ben-
tonites presented in this study. The LIXAR2 pro-
ject was supported by the French Environment
Agency (ADEME), waste operators SITA and Véo-
lia-Propreté and GCLs suppliers CETCO, HUESKER
and NAUE.

REFERENCES

[1] Bergaya F, Theng BKG, Lagaly G: Handbook of clay
science, Elsevier, Developments in Clay Science 1
(2006).

[2] Besq A, Malfoy C, Pantet A, Monnet P, Righi D:
Physicochemical characterization and flow prop-
erties of some bentonite muds, Appl. Clay Sci. 23
(2003) 275-286.

[3] Permien T, Lagaly G: The rheological and colloidal
properties of bentonite dispersions in the pres-
ence of organic compounds. V. Bentonite and
Sodium montmorillonite and surfactants, Clays
Clay Miner. 43 (1995) 229-236.

[4] Coussot P: Rhéologie des boues et laves torren-
tielles. Etude de dispersions et suspensions con-
centrées, PhD INPG, France. Etudes du Cemagref,
série Montagne n°5, Cemagref ANTONY (1992).

[5] Janek M, Lagaly G: Proton saturation and rheo-
logical properties of smectite dispersions.
Applied Clay Science 19 (2001) 121–130.

[6] Mewis J: Thixotropy – A general review, J. Non-
Newtonian Fluid Mech. 6 (1979) 1-20.

[7] Barnes HA: Thixotropy – a review, J. Non-New-
tonian Fluid Mech. 70 (1997) 1-33.

[8] Mujumbar A, Beris A, Metzner A: Transient phe-
nomena in thixotropic systems. J. Non-Newton-
ian Fluid Mech. 2072 (2001) 1-22.

[9] Cheng DCH: Yield stress: A time-dependent prop-
erty and how to measure it, Rheol. Acta 25 (1986)
542-554.

23824-10Applied Rheology
Volume 19 · Issue 2

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org



[10] Schurz J: The yield stress – An empirical reality,
Rheol. Acta. 29 (1990) 170-171.

[11] Tadros TF: Correlation of viscoelastic properties
of stable and flocculated suspensions with their
interparticle interactions, Adv.  In Coll. And Int.
Sci. 68 (1996) 97-200.

[12] Barnes HA: The 'Yield stress myth?' paper – 21
years on, Appl. Rheol. 17 (2007) 43110-43115

[13] Drappier J: Plateaux de contrainte et bandes de
cisaillement dans les fluides complexes. PhD The-
sis École Normale Supérieure, University of Paris
VII (2004).

[14] Picard G: Hétérogénéité de l'écoulement de flu-
ides à seuil : approche phénoménologique et
modélisation élasto-plastique. PhD Thesis Uni-
versity of Paris VII (2004).

[15] Coussot P: Rheometry of pastes suspension,
Wiley-Interscience (2005).

[16] Lenoble M, Snabre P, Pouligny B: Resuspension
visqueuse d’une boue modèle : figures de locali-
sation de l’écoulement, Proceedings of 41th annu-
al congress of the groupe français de rhéologie,
Cherbourg, France (2006) 95-98.

[17] Ramirez-Gilly M, Martinez-Padilla LP, Manero O:
Particle image velocimetry applied to suspen-
sions of millimetric-size particles using a vane-in-
a-large-baffled-cup rheometer, Journal of Food
Engineering 78 (2007) 1117-1126.

[18] Norrish K, Quirk JP: Crystalline swelling of mont-
morillonite, Nature 173 (1954) 255-256.

[19] Blackmore AV, Miller RD: Tactoïd size and osmot-
ic swelling in Ca-montmorillonite, Soil Sci. Soc.
Am. Proc. 24 (1961) 169-173.

[20] Shainberg I, Otoh H: Size and shape of montmo-
rillonite particles saturated with Na/Ca ions
(inferred from viscosity and optical measure-
ments), Israel J. Chem. 6 (1968) 251–259.

[21] Keren R: Rheology of aqueous suspensions of
sodium/calcium montmorillonite, Soil Science
Society of America Journal 52 (1988) 924-928.

[22] Malfoy C, Fontaine C, Pantet A, Monnet P: The
effect of mineralogical and cationic hetero-
geneities on rheological properties of suspen-
sions with Li-smectites, extracted from Volclay
MX-80, Comptes Rendus de l’Académie des Sci-
ences, série 2A, Géoscience, 339 (2007) 960-969.

[23] Keren R: Effect of clay charge density and
adsorbed ions on the rheology of montmoril-
lonite suspensions, Soil Science Society of Amer-
ica Journal 53 (1989) 25-29.

[24] De Kretser RG, Scales PJ, Boger DV: Surface chem-
istry-rheology inter-relationships in clay suspen-
sions, Colloids and Surfaces A: Physicochemical
and Engineering Aspects 137 (1998) 307-318.

[25] Heller H, Keren R: Rheology of Na-rich Montmo-
rillonite Suspension as affected by electrolyte
concentration and shear rate, Clays and Clay Min-
erals 49 (2001) 286-291.

[26] Güven N, Pollastro RM: Clay-water interface and
its rheological implications (Güven and R.M. Pol-

lastro editors), CMS Workshop lectures 4, Clay
Mineral Society Boulder CO (1992). 

[27] Tombàcz E, Szekeres M: Colloidal behavior of
aqueous montmorillonite suspensions: the spe-
cific role of pH in the presence of indifferent elec-
trolytes, Applied Clay Science 27 (2004) 75-94.

[28] Bekkour K, Leyama M, Benchabane A and Scriven-
er O: Time-dependent rheological behavior of
bentonite suspensions: An experimental study. J.
Rheol. 49 (2005) 1329-1345.

[29] Laribi S, Feureau JM, Grossiord JL, Kbir-Ariguib N:
Comparative yield stress determination for pure
and interstratified smectite clays, Rheol. Acta 44
(2005) 262–269.

[30] Benchabane A, Bekkour K: Effects of anionic addi-
tives on the rheological behavior of aqueous cal-
cium montmorillonite suspensions, Rheol. Acta
45 (2006) 425-434.

[31] Paumier S, Monnet P, Pantet A: Rheological
Behavior of Smectite Dispersions: The Influence
of Suspension Concentration and Exchangeable
Cation, Research Letters in Materials Science
doi:10.1155/2008/856714 (2008).

[32] Paumier S: Facteurs déterminant l'organisation
et la rhéologie du système argile-eau pour des
suspensions de smectites, PhD Thesis, university
of Poitiers (2008). 

[33] Paumier S, Pantet A, Monnet P: Evaluation of the
organization of the homoionic smectites layers
(Na+ or Ca2+) in diluted dispersions using granu-
lometry, microscopy and rheometry, Adv. Coll.
Int. Sci. 141 (2008) 66–75.

[34] Pawlick M, Laskowski JS, Ansari A: Effect of car-
boxymethhyl cellulose and ionic strength on sta-
bility of mineral suspensions in potash ore flota-
tion systems, J. Coll. Int. Sci. 260 (2003) 251-258.

[35] Peysson Y: Solid/liquid dispersions in drilling and
production, Oil Gas Sci. Tech. Rev. IFP 59 (2004) 11-21. 

[36] Pignon F, Magnin A, Piau JM: Thixotropic colloidal
suspensions and flow curves with minimum:
Identification of flow regimes and rheometric
consequences, J. Rheol. 40 (1996) 573-587.

[37] Uhlherr PHT, Guo J, Tiu C, Zhang XM, Zhou JZQ,
Fang TN: The shear-induced solid–liquid transi-
tion in yield stress materials with chemically dif-
ferent structures, J. Non-Newtonian Fluid Mech.
125 (2005) 101–119.

[38] Jarny S, Roussel N, Rodts S, Le Roy R, Coussot P: Rhe-
ological behavior of cement pastes from MRI
velocimetry, Concrete Cement R. 35 (2005) 1873-1881. 

[39] Coussot P, Nguyen QD, Huynh HT, Bonn D: Vis-
cosity bifurcation in thixotropic, yielding fluids, J.
Rheol. 46 (2002) 573-589.

[40] Guyonnet D, Touze-Foltz N, Didier G, Norotte V,
Pothier C, Blanc P: Performance-based indicators
for controlling geosynthetic clay liners in landfill
applications. Geotextiles and Geomembranes 27
(2009) 321-331.

23824-11 Applied Rheology
Volume 19 · Issue 2

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org


